, f. deborgies 3 and r. que ' re ' 1 This paper reports on the design of a new power cell dedicated to Ku-band power amplifier (PA) applications. This cell called "integrated cascode" has been designed in order to propose a strong decrease in terms of circuit size for PA. The technology used relies on 0.25-mm GaAs pseudomorphic high electron mobility transistors (PHEMT) of United Monolithic Semiconductors (UMS) foundry. A distributed approach is proposed in order to model this power cell. The challenge consists of obtaining, with a better shape factor (ratio between the vertical and horizontal sizes of the transistor), the same performances than a single transistor with the same gate width. In order to design a 2W amplifier, we have used two 12 × 100 mm transistors. Cascode vertical size is 413 mm whereas a transistor with the same gate width exhibits a vertical size of 790 mm. Therefore, the shape factor is nearly one as compared to a shape factor of 4 for a classical parallel architecture. This new device allows us to decrease the Monolithic microwave integrated circuit amplifier area of 40% compared to amplifier based on single transistors.
I . I N T R O D U C T I O N
The important demand of power amplifiers (PAs) with high performances and a low cost requires the development of more and more compact chips [1] [2] [3] . To increase the compactness of these amplifiers, one solution consists in decreasing the size of its unitary cell, while increasing their gain and improving their shape factor defined as the ratio between the vertical size and the horizontal size. A shape factor close to one would reduce the total vertical size of the PA and therefore would minimize its total area. To reach this objective, a new topology of elementary power cells in monolithic microwave integrated circuit (MMIC) technology must be designed. The keypoint of this design is to provide the same power performances than a single transistor with the same gate width and a shape factor of one. A new cell based on cascode theory appears to be a good candidate for this task.
I I . M M I C T E C H N O L O G Y
The new cell reported in this paper is used for Ku band PA. It has been designed with a 0.25 mm GaAs pseudomorphic high electron mobility transistors (PHEMT) [4] . The MMIC fabrication is based on a double recess power PHEMT process, using 0.25 mm aluminum T-gates. The MMIC has been realized on 70 mm substrate, 30 V/A TaN thin film resistor, 250 pF/mm 2 MIM capacitors, air bridges, and 20 mm via holes. A 1.2 mm gate width transistor, with small via holes under each source is used to design this cell, thus ensuring a high gain and good thermal stability. 
A) Cascode cell topology
Various amplifiers with cascode cells have been proposed in the literature mainly in order to obtain either a wide band [5] [6] [7] or a high gain at very high frequencies, especially for GaN HEMT technology [8] . However, no attempts have been made with integrated stability resistance and capacities between gate fingers. This new topology allows us to decrease the shape factor of the transistors while maintaining the advantages of the cascode configuration. This new cell is made of two transistors in cascade as shown in Fig. 1 .
The first one is in a common source configuration. Its drain is connected to the source of the second transistor which is in a common gate configuration. The goal of this topology is to add the drain voltages of each transistor which are both conducting the same drain current. Therefore, the output power and the gain of a cascode cell are twice bigger than for a single transistor. Other advantages of this cell rely also on the ability of doubling the drain bias voltage, which leads to a higher output impedance and to a better input/output isolation. In order to add the drain source voltages of the transistors some care must be taken to adapt the levels of voltage applied to the gate of transistor (T2). Indeed, in large signal, V ds1 voltage is applied directly to the gate of transistor in common gate configuration (T2). Without any precaution this transistor would be quickly saturated and destroyed. Therefore, a capacitance (C a1 ) is added in series with the gate as shown in Fig. 1 . This capacitance (C a1 ) and the input capacitance C gs2 act as a frequency independent voltage divider between V ds1 and V ds2 . The second transistor is biased through a 1000 V resistance. The cascode cell being sensitive to oscillations, a resistance R stab is added in series with C a1 capacitance to limit all instability phenomena. Both values of C a1 and R stab have been optimized in order to propose a trade-off between power performances and stability.
B) Integrated cascode layout
The layout of the compact cell is shown in Fig. 2 . Drains of common source transistors are also sources of common gate transistors, thanks to the micro-strip line which crosses the gate bus through the air bridges. This provides an integrated aspect to the cascode cell. Thanks to via holes in sources of the first transistor, both C a1 capacitance and R stab resistance are distributed between each two gate finger pairs. This configuration ensures a perfect symmetry in the topology of the power cell. The number of elementary cells of two gate fingers can be adjusted to the total power required. As mentioned previously, the vertical size is 413 mm whereas that of a single transistor with the same gate width is 790 mm leading to an improvement of 48% and a shape factor which is close to one. Figure 3 shows that the integrated cascode exhibits a higher linear gain, a better output impedance, and a better input/output isolation than a single transistor with the same gate width.
I V . M O D E L I N G A N D R E A L I Z A T I O N

A) Distributed approach
The cascode design has been performed through a distributed approach. Firstly, we have extracted intrinsic and extrinsic circuit parameters of a 12 × 125 mm transistor. As the transistor model is scalable we have replaced the 12 × 125 mm transistor by six transistors of two gate fingers and we have compared this simulation with 12 × 125 mm transistor measurements. Gate and drain buses are simulated with the electromagnetic software ADS-momentum. We have adjusted the two gate fingers transistor model in order to have a good agreement between this model and measurements. Results are illustrated in Figs 4 and 5.
In the integrated cascode, the scalable model of transistor with 12 gate fingers of 100 mm width has been replaced by six transistors of two gate fingers with the same width. Figure 6 shows integrated cascode modeling. Passive elements havebeen simulated with ADS-momentum [9] . Both C a1 and R stab values have been optimized in order to obtain good power performances and to ensure stability of cascode cell. The total values found are C a1 ¼ 525 fF and R stab ¼ 3 V which are distributed in five elementary cells with R stab ¼ 15 V and C a1 ¼ 105 fF. In order to validate the power optimization of the cascode cell, Fig. 7 shows the simulated intrinsic load lines for both transistors T1 and T2 at 12 GHz in the same load conditions as those used for the load pull power measurements presented in the next section (i.e. Z load ¼ 16.5 + j20.2 V). We can observe the excellent optimization for T2. However, T1 remains not fully optimized. Some approaches such as "self-biased optimization" technique [10] have been tried, without convincing results. A trade-off between the power optimization and the shape factor has been applied to obtain the topology shown in Fig. 2 .
B) Stability analysis
Owing to a high gain, the cascode cell is sensitive to oscillations. That is why the linear stability analysis must be performed [11] . Figure 8 shows the Rollet factor K and the determinant delta of S matrix. K exhibits that the cascode cell is unconditionally stable between 8 and 30 GHz. We can conclude that the cascode cell is stable for all loads in the Ku band. However, this study reveals that cascode cell is conditionally stable from 0 to 8 GHz. Therefore, the stability circles from 0 to 40 GHz have been examined. For low frequencies (between 0.5 and 2 GHz), we observe a risk of oscillations. Some precautions with additional capacitances have been taken during measurements to avoid all instability phenomena. During this phase, no oscillation appeared.
C) Thermal stability analysis
The cascode cell presents good power performances if both transistors are biased with the same voltage. As the two output current sources of transistors (T1) and (T2) are in series, we could suspect that the bias voltages V ds1 and V ds2 are proneto variation due to the temperature increase. This can lead to an over bias of one of the transistors. In fact, as T2 is driven by the current of T1, this current imposes the value of the gate/source voltage of T2 maintaining T2 in its saturation region. Therefore, V ds1 ¼ V g2 2 V gs2 ¼ V dd 2 V ds2 and the voltage equilibrium between T1 and T2 is ensured by a correct choice of the T2 gate bias. This ensures thermal stability of the cascode. This has been confirmed through the use of an electro-thermal model specially developed for that study. A 3D thermal simulation revealing a poor coupling (Rth 12 ) between T1 and T2 has been performed in ANSYS. The self thermal resistance of T1 (Rth 1 ) is 10 % lower than T2 (Rth 2 ) due to small via holes in sources that are not present in T2. The thermal model is illustrated in Fig. 9 
V . M E A S U R E M E N T S A N D R E S U L T S
The on chip measurements of small signal gain and input/ output return losses of the designed PHEMT integrated cascode cell are shown in Fig. 10 . We can observe a good agreement between measurements and the distributed model. The model has beenvalidated with load pull power sweep at 12 GHz for the optimum load impedance, Z load ¼ 16.5 + j20.2 V (Fig. 11) . a. de ' chansiaud et al.
V I . I N T E G R A T E D C A S C O D E P H E M T P A M M I C
A) MMIC amplifier design
Using the integrated cascode, a 2W PA for Ku band has been designed. Figure 12 shows a photography of the MMIC Ku-Band amplifier. If we compare this new design to the Ku-Band amplifier, called "initial amplifier" (Fig. 13) , developed by united monolithic semiconductors (UMS) [12], we can clearly see that only two output cells have been used in order to achieve the output power expected instead of four transistors for the initial amplifier. We have seen in the previous section that the integrated cascode cell vertical size has been reduced by 48% compared to a single transistor with the same gate width. Moreover, the shape factor is close to 1 whereas for a single transistor, it is close to 4. So, the vertical size of the amplifier will be decreased. The transistor type of the other stages and the stages number are very important to realize a compact amplifier. As the linear gain of integrated cascode is twice higher than a single transistor, we have chosen to take only two stages to provide the linear expected gain. This is performed with one cascode cell in the first stage to drive the second stage to deliver the linear gain of 24 dB. As the stage number decreases like the number of cell in each stage, the amplifier area has reduced by 40% compared to the initial amplifier with the same performances. The amplifier design is easier and faster thanks to this simplification. In order to design this compact amplifier, we have used the distributed model of the integrated cascode. Moreover, all passives parts for the output match, the inter-stage and the input stage have been simulated with momentum to take into account all electromagnetic couplings.
Since the cascode cell is sensitive to oscillations, a first step to verify that the amplifier is stable consists of checking the variation of output and input impedances of each cascode cell for all stages. No problem has been observed. We have also takena particular care in order to ensure stability. First of all, Resistance and Capacitance (RC) filters have been added to the cascode cell input, close to the gate bias circuit to cancel oscillations at harmonics of fundamental frequency. They also help us to match the input stage and inter-stage. Balanced resistances in series between the two gate buses of each cascode cell have been included in the last stage. They avoid internal loops between each cell. Low-frequency oscillations are removed by a resistance in series with a capacitance connected to the ground on the drain bias. Finally, we have included resistance bridges in the gate bias circuit of the common source transistor of cascode cell. These bridges increase the gate voltage bias in order to decrease the sensitivity of cascode cell to this voltage. A complete study of stability, linear and nonlinear, has been performed. The conclusion is that no oscillation appeared [13] .
B) MMIC amplifier characterizations
First, we have performed continuous wave (CW) power measurements on board from 10 to 18 GHz in order to check the amplifier model. Figure 14 shows the measured and simulated power characteristics at 12 GHz. We can consider that we have a fairly good correlation between measurements and simulations in order to estimate the power behaviour of this device. Pulsed power measurements on wafer have also been realized from 12 to 16 GHz to show the power performances without thermal effects (Fig. 15) . The pulse length is equal to 25 ms and the duty cycle is taken to 10%. This cascode amplifier delivers 33.6 dBm of output power, with 25% of Power Added Efficiency (PAE), a Table 1 shows the comparison in terms of performances between the amplifier with integrated cascode cells and the state of the art. In this design various characteristics are important. Indeed, the amplifier must deliver a linear gain of 24 dB to avoid the use of driver at the input that would increase the cost. Moreover, it must work from 12.5 to 15.5 GHz and provide 33.5 dBm of output power. Its area must be compact enough to be competitive. In order to take into account all characteristics in the comparison we have defined a normalized power density (NPD) expressed by equation (1) . BW rel corresponds to the relative band width (see equation (2)), where DF is the band width and F 0 the central frequency of the amplifier. PD is the power density.
V I I . C O N C L U S I O N
This paper has reported the design modeling of a new integrated cascode cell. This new cell is more compact than a single transistor with the same gate width and exhibits the 
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